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Non-locality is one of the most striking signatures of the topological nature of Weyl semimetals.
We propose to probe the non-locality in these materials via a measurement of a magnetic field
dependent Coulomb drag between two sheets of graphene which are separated by a three-dimensional
slab of Weyl semimetal. We predict a new mechanism of Coulomb drag, based on cyclotron orbits
that are split between opposite surfaces of the semi-metal. In the absence of impurity scattering
between different Weyl nodes, this mechanism does not decay with the thickness of the semi-metal.
PACS numbers: 03.65.Vf, 03.65.Sq, 78.20.-e, 76.40.+b
I. INTRODUCTION
Weyl semimetals (WSM) are a new class of conduct-
ing materials, characterized by the nontrivial topolog-
ical structure of their band structures. These three-
dimensional topological semimetals have been the subject
of intense recent theoretical and experimental efforts1–12.
WSM host an even number of points in the Brillouin
zone, known as the Weyl nodes, at which the bulk energy
gap closes. The electrons around these nodes disperse rel-
ativistically, and may be described at low energies by the
Weyl Hamiltonian1–3. Each Weyl node acts as either a
source or a sink of Berry flux. Hence, a single node is
stable and cannot be removed. Additionally, any closed
two-dimensional manifold in the three-dimensional Bril-
louin zone (BZ) which separates regions with different
Berry charge must have a non-zero Chern number as it
is threaded by a non-zero Berry flux. Thus, as long as
Weyl nodes of opposite Berry charge, are separated in
momentum space, these systems host 2D surface states
which form Fermi-arcs in the two-dimensional BZ of the
surface2.
Certain iridium pyrochlores and noncentrosymmetric
transition metals, e.g. TaAs, have been predicted to host
such a topological semimetal phase5–8. Following these
suggestions, several topological semimetals have been ob-
served experimentally8–19.
It has been proposed that, when subject to a magnetic
field, such materials exhibit unusual physical phenom-
ena, such as the Adler-Bell-Jackiw chiral anomaly20–22,
unique type of quantum oscillations associated with
Fermi-arc surface states23,24 and various non-local trans-
port effects25,26. In particular, Ref. 26 proposed two ex-
periments that directly probe the exotic topology of these
materials: appearance of a magnetic-field-dependent
non-local dc voltage and sharp resonances in the trans-
mission of electromagnetic waves. Both these effects do
not rely on quantum mechanical phase coherence, which
renders them less restrictive in terms of temperature and
samples mobility. Nevertheless, they do require challeng-
ing experimental setups such as placing contacts in a
close proximity in the dc proposal and working with a
THz frequency radiation in the ac proposal.
In this paper, we propose an alternative dc experi-
ment that does not require any deposition of contacts
over the Weyl semimetal: a magnetic-field-dependent
non-local Coulomb drag measurement. The underlying
mechanism in this work is similar to one presented in
Ref. 23, 25, and 26. When a magnetic field is applied
perpendicular to surfaces that carry Fermi arcs, electrons
traverse cyclotron orbits that connect opposite surfaces
of the sample. These unusual inter-surface orbits are a
source of non-local conductivity in these materials, i.e.,
the application of an electric field along a surface of these
materials generates a current along the opposite surface
and vice versa. In the following, we provide a prescription
which is aimed to detect the emergence of non-locality via
a Coulomb drag experiment.
Standard Coulomb drag setups involve two closely
spaced, yet electrically isolated conductors. Due to the
long-range Coulomb interaction between charge carriers
in the two conductors, a current in one of the conductors
(the active layer) induces a voltage (or a current) in the
other conductor (the passive layer). The ratio between
the induced voltage in the passive layer and incoming
current in the active layer is the drag resistivity27,28.
Drag measurements may be used to study fundamen-
tal properties related to the e-e interaction of diverse
condensed matter systems. Until recently, semiconduc-
tor heterostructures, e.g. GaAlAs, with two quantum
wells separated by a thin tunnel barrier were the main
experimental systems allowing reliable measurements of
Coulomb drag29–31. The dependence of the drag effect on
the layer densities, temperature, and separation distance
between the quantum wells has been heavily investigated.
In these experiments, the typical separation between the
layers was in the range 15− 50 nm. In recent years, the
appearance of graphene-boron-nitride heterostructures,
made it possible to investigate drag effects in double-
layer graphene down to a separation of ∼ 1 nm32–36.
In this work, we consider a scenario where two layers
of graphene are separated by a 3D slab of WSM. The
graphene layers are coupled to the WSM only via the
Coulomb interaction, i.e., the top and bottom graphene
layers generate drag force on the top and bottom surfaces
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2of the WSM respectively. In the absence of an external
magnetic field the system may be thought of as two de-
coupled standard Coulomb drag systems, each one con-
tains a layer of graphene which is Coulomb coupled to a
surface of a WSM. Since the WSM is metallic, the cou-
pling between these two systems is non-zero, nonetheless,
for macroscopic slabs this coupling is extremely small as
we show below. On the contrary, in the presence of an ex-
ternal magnetic field, the non-locality in the WSM yields
a strong coupling between the two drag systems and a
current in the top graphene layer leads to a non-negligible
voltage buildup on the distant lower graphene layer.
The source of the non-local drag is rather simple. As
long as current flows in the top graphene layer, a por-
tion of its momentum is transferred to the top surface of
the WSM, due to the existence of a frictional Coulomb
force. For a standard 2DEG in an open circuit configura-
tion, this momentum transfer is translated into a voltage
buildup. However, as shown in Ref. 23 and 26, for rel-
atively clean samples and in the presence of an external
magnetic field the current on the top surface follows the
inter-surface cyclotron orbits leading to a circulating cur-
rent throughout the 3D sample. In particular, a current
on the bottom surface is inevitable for clean samples.
When the non-local conductivity is much larger than the
local one, the current on the bottom surface flows with a
similar magnitude and an opposite direction to the cur-
rent on the top surface. As before, due to the existence
of a frictional Coulomb force between the bottom surface
of the WSM and the bottom graphene layer, a momen-
tum transfer to the second graphene layer occurs. This
momentum transfer is translated into a voltage buildup
on the passive graphene layer. The ratio between this
voltage and the current on the top layer is the non-local
drag coefficient.
II. SETUP AND TRANSPORT EQUATIONS
In this section, we describe the experimental setup and
the procedure of finding the non-local drag coefficient.
The setup we consider is depicted in Fig. 1a. Two layers
of graphene (red) are placed above and below a 3D Weyl
metal. The graphene layers are coupled to the WSM
only via the Coulomb interaction, i.e., the tunneling be-
tween the graphene layers and the WSM is assumed to be
zero. A current jg1 is pushed in the first graphene layer
while the voltage (electric field) buildup on the second
graphene layer, Vg2 (g2), is measured. The ratio between
these two quantities, RD = g2/jg1 , is the non-local drag
coefficient.
We analyze the semi-classical transport equations,
assuming that the relevant transport parameters are
known. For simplicity, we assume that the two graphene
layers are identical. We denote their 2D density by ng
and their 2D intra-layer resistivity by ρg. Moreover, at
this stage, we assume that the Coulomb coupling between
the WSM and the two graphene layers is symmetric and
jg1
Weyl SM
Vg2
(a)
Top Graphene layer
Bottom Graphene layer
Weyl SM
dsd L1
L2
L
(b)
FIG. 1. (a) Drag setup: two layers of graphene (red) are
placed above and below a 3D Weyl semimetal. The graphene
layers and the Weyl semimetal are separated by insulating
layers (brown). The graphene layers are coupled to the Weyl
metal only via the local Coulomb interaction. Current is
pushed on the top layer while the voltage on the bottom layer
is measured. (b) A sketch of the relevant length scales in the
problem. L is the thickness of the WSM, ds is the extent of
the surface states and d is the thickness of the layer at which
the drag coupling is non-zero. We denote the layers at which
the surface states exist by L1 and L2.
can be characterized by a single 2D drag resistivity ρd.
The form of ρd is given in appendix C. Finally, we denote
the 3D density and the 3D resistivity of the WSM by n3D
and ρ3D respectively.
A standard double-layer Coulomb drag system is well
described by two coupled Drude-like equations of motion,
m1
dv1
dt
= e (E1 + v1 ×B)− m1v1
τ1
− ~γn2(v1 − v2)
(1)
m2
dv2
dt
= e (E2 + v2 ×B)− m2v2
τ2
− ~γn1(v2 − v1)
where B is the magnetic field, e is the electric charge, vi,
mi, ni and Ei are the drift velocity, effective mass, den-
sity and electric field in the i’s layer, respectively. τi is
the i’s layer intra-layer momentum-relaxation-time due
to impurity-scattering while the dimensionless parame-
ter γ is related to the mutual inter-layer momentum-
relaxation-rate due to the Coulomb friction. The drag
resistivity arising from Eq. (1) is ~γ/e2. In the following,
we assume steady state, i.e., the left hand size above is
zero.
In the setup we propose, each graphene layer is
Coulomb coupled locally to the adjacent surface of the
3D WSM, and the WSM, similar to Ref. 26, has both a
local and a non-local conductivity. We denote the three-
dimensional electric field and the current density in the
WSM by E(x, y, z) and J(x, y, z). The current density
and electric field in the WSM must satisfy Kirchoff’s rules
and Ohm’s law,
∇ · J = ∇×E = 0 (2)
E = ρˆJ
3where the resistivity matrix includes both the local and
the non-local parts. In the limit where the thickness of
the WSM (extent in the z-direction) is much smaller than
its extent in the other directions, we may assume that the
bulk values of E and J do not depend on x and y. Hence,
the requirement ∇ · J = 0 implies that ∂zJz = 0 and
therefore Jz = 0, since it must be zero on the bound-
aries. Moreover, since the WSM is in an open circuit
configuration, the net current in the 3D bulk must be
zero, i.e.,
∫
dzJx(z) =
∫
dzJy(z) = 0 (3)
where the integration is over the thickness of the WSM
slab. Additionally, the requirement ∇ × E = 0 implies
that E = const.
Next, we denote the two-dimensional electric fields and
the current densities in the i’s graphene layer by jgi(x, y)
and gi(x, y). The currents in the graphene layers are
taken to be controlled quantities in the experiment while
the spatially independent electric fields are the unknowns
which should be determined.
The above analysis points out that we are left with
five unknown quantities, three uniform fields g1 , g2 , E
and two z-dependent currents Jx(z) and Jy(z). In or-
der to determine these unknown quantities, we invoke
Ohm’s law for the combined graphene-WSM system. In
appendix B we show that the effect of the intra-layer
Hall effect on the non-local drag is negligible. Hence, we
ignore the Lorentz force in Eq. (1).
The electric field in the graphene layers is determined
only by the intra-layer scattering and the local Coulomb
drag:
g1 =
(
ρg +
n3D
ng
∫
dz′ρd1(z′)
)
jg1 −
∫
dz′ρd1(z′)J(z′)
(4)
g2 =
(
ρg +
n3D
ng
∫
dz′ρd2(z′)
)
jg2 −
∫
dz′ρd2(z′)J(z′)
where ρdi(z) is the local drag resistivity that couples
the i’s graphene layer to a fixed z layer of the WSM,
where the integrals run over the thickness of the sample.
Both ρd1 and ρd2 are local quantities, and hence, van-
ish away from the top and bottom surfaces respectively.
Since jg1/(eng) is the velocity in the graphene layer and
J(z)/(en3D) is the velocity in the WSM, it is evident, as
expected, that when the velocities are equal the drag is
zero.
In the WSM, there are three contributions to the re-
sistivity: the impurity scattering, Coulomb drag with
both graphene layers and an additional contribution com-
ing from the inter-surface cyclotron orbits as derived in
Ref. 26. Overall, Ohm’s law in the WSM is given by,
E =
(
ρ3D +
ng
n3D
[ρd1(z) + ρd2(z)]
)
J(z) (5)
− ρd1(z)jg1 − ρd2(z)jg2 +
∫
dz′ρw(z, z′)J(z′)
where ρw(z, z
′) is the contribution of the inter-surface
cyclotron orbits to the resistivity of the WSM. In general,
ρw(z, z
′) contains both local and non-local contributions.
For concreteness, we denote the thickness of the WSM
by L. The Coulomb interaction between the graphene
layers and the WSM bulk vanishes exponentially away
from the surface, where the decaying scale is determined
by the Thomas-Fermi screening length. Therefore, the
coupling between the graphene layers and the WSM is
highly local. For simplicity, we assume that the coupling
is uniform inside thin layers near the surfaces of the WSM
and zero outside of these layers, i.e.,
ρd1 =
{
ρd, 0 < z < d
0, otherwise
, ρd2 =
{
ρd, L− d < z < L
0, otherwise
(6)
where we denoted the thickness of the layers in which the
drag is effective by d. We assume d L. In the presence
of an external magnetic field, non-local effects connect
the top and bottom surface of the WSM. We denote the
extent of the surface states by ds  L. All these scales
are depicted in Fig. 1b. With these assumptions, we may
write ρw(z, z
′) as:
ρw(z, z
′)
dsρ3D
=

Γ, z, z′ ∈ L1
Γ, z, z′ ∈ L2
−Γ, z ∈ L1, z′ ∈ L2
−Γ, z ∈ L2, z′ ∈ L1
(7)
where L1 is the layer defined by z ∈ [0, ds], L2 is the
layer defined by z ∈ [L − ds, L] and the dimensionless
parameter Γ is specified below.
In order to solve Eq. (4) and Eq. (5) with the appro-
priate boundary conditions and the constraint of Eq. (3),
we discretize the 3D WSM to N quasi-2D layers. The full
description of the solution appears in appendix A.
Before diving into the details of the exact solution, it
is instructive to qualitatively examine the case without
non-locality which is applicable when no magnetic field is
present. In this case, a current in the top graphene layer
leads to a current, in the same direction, in the top layer
of thickness d of the WSM. For weak drag this current is
given by jtop = (ρdjg1)/ρ3D. Away from the top surface
Eq. (5) implies that the current in the bulk is uniform.
However, Eq. (3) requires that the total current is zero.
Hence an opposite current must flow in the bulk of the
WSM in order to cancel the current in the top drag layer.
The magnitude of this current must scale as d/L. In turn,
4this opposite current leads to voltage buildup on the sec-
ond graphene layer due to its Coulomb coupling. The
electric field in the bottom graphene layer is determined
by the current in the bottom drag layer of the WSM,
g2 = ρdjbot. Finally by using the following currents ra-
tio jbot/jtop = d/L we expect RD ≈
(
d
L
) ρ2d
ρ3D/d
. In the
next section we show that the effect of non-locality is to
increase the current flow near the bottom surface and
hence increasing the non-local drag resistivity.
III. THE NON-LOCAL DRAG COEFFICIENT
We express the non local drag coefficient by the three
length scales above and the following quantities: the local
sheet resistivity r0 = ρ3D/L, the dimensionless non-local
parameter Γ and the effective density ratio ξ = n3DLng
which generically is much larger than unity. Solving for
the non-local drag coefficient RD = g2/jg1 and employ-
ing the above notations yields the following lengthy ex-
pression whose limits we aim to examine:
RD =
dsξ
2r0ρ
2
d
(
d
ds
(ρd + ξr0) + Γ [Aρd +Bξr0]
)
L(ρd + ξr0)
[
Aρd +
L
d ξr0
]
[ρd + ξr0(1− 2Γ)]
(8)
where A = Ld − 2 and B = Ld − 2dds .
In the following parts, we investigate the non-local drag
coefficient in the relevant limits. For macroscopic sam-
ples we may assume Ld  1 and ρd  ξr0. In this limit
Eq. (8) becomes:
RD ≈ ddsξρ
2
d
L2
d
ds
+ ΓLd
ρd + ξr0(1− 2Γ) (9)
In the absence of an external magnetic field and in the
limit of weak drag, Eq. (8) reduces to the expected result,
as discussed in the previous section.
We now turn to the more interesting case in which
Γ 6= 0, i.e., in the presence of an external magnetic field.
It is constructive to introduce the notation,
r0(1− 2Γ) = r0rw
2r0 + rw
, (10)
with Lrw = 1/σw, where σw is the non-local conductivity
as derived in Ref. 26. In the local case rw diverge to
infinity and therefore Γ = 0, while when the non-local
conductivity is much larger than the local one then rw 
r0 and therefore Γ→ 1/2. Employing the above notation,
the non-local drag coefficient is given by,
RD ≈
ξ2r0ρ
2
d
[(
d
L
)2
+ Γ
(
d
L
)]
(ρd + ξr0)
[
ρd + ξ
r0rw
2r0+rw
] ≈ Γn3Dds
ng
ρ2d
ρd + ξ
r0rw
2r0+rw
(11)
For low magnetic fields, the non-local conductivity is
small compared to the local one, i.e., rw  r0. In this
limit and assuming as before ρd  ξr0, Eq. (11) yields:
RD ≈ Γds
L
ρ2d
r0
= Γ
ρ2d
ρ3D/ds
+O
(
d
L
)
(12)
Remarkably, we find that in the presence of an ex-
ternal magnetic field the leading term in RD becomes
independent of the WSM thickness L, consensuses of the
inter-surface cyclotron orbits. This result is valid as long
as the circulating inter-surface current exists. As shown
in Ref. 23 and 26, this is the case whenever the thickness
of the WSM is smaller than the inter-node-transport-
scattering-length. In these materials it is expected that
the inter-node scattering length should be much smaller
than the single-particle scattering length37.
If the magnetic field is further increased, the non-local
conductivity becomes larger than the local one, i.e., rw 
r0 and Γ→ 12 . In this limit Eq. (11) becomes:
RD ≈ n3Dds
ng
ρ2d
2ρd + ξrw
+O
(
d
L
)
(13)
which may be split into two cases: for ρd  ξrw,
RD ≈ ds
L
ρ2d
rw
+O
(
d
L
)
(14)
which is similar to Eq. (12) only with Γ/r0 being replaced
by 1/rw. Remember that in this limit rw  r0/Γ.
On the other hand, if rw is further reduced such that
ξrw  ρd then,
RD ≈ n3Dds
ng
ρd
2
+O
(
d
L
)
(15)
Surprisingly, in this case RD ∝ ρd. It is instructive
to reproduce Eq. (15) in the non-symmetric case where
the drag resistivity on the top and the drag resistivity on
the bottom are different. We denote the different local
drag resistivities by ρd1 and ρd2 respectively. In the non-
symmetric case Eq. (15) becomes:
RD ≈ n3Dds
ng
ρd1ρd2
ρd1 + ρd2
=
n3Dds
ng
[
1
ρd1
+
1
ρd2
]−1
(16)
which implies that RD is dominated by the minimal local
drag resistivity. It worth noting that the non-local drag
coefficient in Eq. (15) may be larger than the local drag
resistivity.
IV. ESTIMATE OF SCALES
We may consider both Dirac metals (e.g. CdAs) and
Weyl metals (e.g. TaAs, TaP, NbAs, NbP). In these ma-
terials, the typical bulk density is in the range n3D =
3 ·1018−3 ·1019 cm−3, while a typical density of graphene
sheets is in the range ng = 10
11−1012 cm−2. The mobili-
ties of WSM may vary dramatically between the different
materials9,38–40, see table I.
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FIG. 2. The ratio of RD in the presence of non-locality (Γ 6=
0) and RD in the absence of non-locality (Γ = 0). Here,
L = 100 nm, ds = 3 nm, d = 2 nm, r0 = 5 Ω, ρd = 0.5 Ω and
ξ = 100. For Γ = 0 the drag coefficient is RD = 2 · 10−5 Ω
and for Γ = 1/2 it is RD = 0.75 Ω.
As a result, at moderate temperatures (20K < T <
150K) the typical 3D resistivity of these materials is in
the range ρ3D = 5− 100µΩcm.
With these parameters in hand we may estimate the
relevant transport parameters of our system. We consider
a thin sample of a WSM with L ∼ 100 nm, where both d
and ds are in the nanometer scale (∼ 1−5 nm). Moreover,
r0 =
ρ3D
L = 0.5− 10 Ω and r0ξ = (engµ)−1 = 30− 103 Ω,
where µ is the mobility of the WSM. At moderate tem-
peratures, typical values for the local drag resistivity in
graphene systems (away from the dual neutrality point)
are in the range ρd ∼ 0.1 − 10 Ω.32 See appendix C for
an estimation of ρd.
Employing these parameters, the ratio of RD in the
presence of non-locality (Γ 6= 0) and RD in the absence
of non-locality (Γ = 0) appears in Fig. 2. As evident, the
non-local drag coefficient increases by orders of magni-
tude as a function of Γ. In particular, while the value of
RD for Γ = 0 is practically unmeasurable (of the order
of µΩ), it becomes of the order of 1Ω for Γ ∼ 1/2.
CdAs NbP TaAs
T < 1.5K 9 · 106 5 · 106 5 · 105
T ∼ 130K 4.2 · 104 7 · 103 1.5 · 103
T ∼ 300K 1.5 · 104 3 · 102 -
TABLE I. Typical mobilities (of thin films) in units of
V−1sec−1cm2.
V. CONCLUSIONS
We have shown that the non-local conductivity in
WSM which arises from inter-surface cyclotron orbits
may be detected in a Coulomb drag measurement. We
demonstrated that, when the non-local conductivity is
non zero, a measurable drag resistance is expected be-
tween two layers of graphene which are separated by hun-
dreds of nanometers. Such an unprecedented strong sig-
nal of drag in these scales provides a clear-cut evidence
to the existence of non-local effects, and therefore, to the
special topological structure of these materials.
While in WSM with C4 symmetry, the non-local drag
is expected to be isotropic, in WSM which break the C4
symmetry, the non-local drag is expected to be highly
non-isotropic which is a direct measure to the unique arc
structure of the surface states. Furthermore, similar to
Ref. 26, the semi-classical origin of this effect renders it
more robust and experimentally accessible than quantum
effects.
It is also worth mentioning that it may be possible
to use the drag setup only along the top surface of the
Weyl semimetal, while the detection of the non-local cur-
rent may be done by a direct measurement of the voltage
buildup on the bottom surface of the Weyl semimetal.
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Appendix A: Solution of the transport equations
In order to solve Eq. (4) and Eq. (5) with the appropri-
ate boundary conditions and the constraint of Eq. (3), we
discretize the 3D WSM to N quasi-2D layers. Each such
layer is characterized by its own density n = n3DL/N and
its own quasi-2D intra-layer resistivity ρ0 = ρ3DN/L.
We denote by Nd and Ns the number of layers within a
distance d and ds from one of the surfaces, respectively.
Each layer within a distance d from the top/bottom sur-
face is coupled the top/bottom graphene layer according
to Eq. (1). In the presence of an external magnetic field,
each layer within a distance ds from one of the surfaces is
coupled to all the other layers within a distance ds from
the opposite surface via the quasi-2D non-local resistivity
which we denote by ρw.
In appendix B we show that the effect of the intra-layer
Hall effect on the non-local drag is negligible. Hence, we
ignore the Lorentz force in Eq. (1). Without the lost
6of generality, we assume that Ns ≤ Nd. Similar to the
main text, we introduce the dimensionless density ratio
ξ = n3DLng , the dimensionless non-local parameters Γ =
ρ0
2ρ0+ρw
and ν = ρ0ρ0+ρw .
The steady state equations for the longitudinal electric
fields and current densities in the two graphene layers and
the N layers of the WSM are:
Eg1 = (ρg +Nd
n
ng
ρd)jg1 − ρd
Nd∑
i=1
ji (A1)
Ek1 =
(
ρ0γ +
N
ξ
ρd
)
jk1 − ρdj0 +
Γρ0
Ng
N∑
i=N−Ng
ji
Ek2 =
(
ρ0 +
N
ξ
ρd
)
jk2 − ρdj0
Ek3 = ρ0jk3
Ek4 =
(
ρ0γ +
N
ξ
ρd
)
jk4 − ρdj0 +
Γρ0
Ng
Ng∑
i=1
ji
Eg2 = (ρg +Nd
n
ng
ρd)jg2 − ρd
N∑
i=N−Nd
ji
where k1 ∈ [1, Ng], k2 ∈ [Ng + 1, Nd]∨ [N −Nd + 1, N −
Ng], k3 ∈ [1 + Nd, N − Nd], k4 ∈ [N − Ng + 1, N ] and
γ = 1 − Γ(1 + ν). Eq. (A1) may be recast in a matrix
form (discrete Ohm’s law):
E = ρˆJ (A2)
where we defined E = (Eg1 , E1, . . . EN , Eg2)T , J =(
jg1 , j1, . . . jN , jg2
)T
and ρˆ is the (N + 2)× (N + 2) re-
sistivity matrix of the system. In order to solve Eq. (A2)
we must specify N + 2 of the above quantities. In the
proposed setup the current on the upper graphene layer
is fixed, jg1 . Additionally, if the lower graphene layer
and the WSM are in an open circuit configuration, then
jg2 = 0 and
N∑
i=1
ji = 0. The last condition automatically
satisfies ∇ · j = 0 inside the Weyl conductor. Finally,
we must demand that ∇× E = 0 inside the WSM. This
translates to E1 = E2 = . . . = EN . Forcing these con-
straints, Eq. (A2) may be solved uniquely and all the
physical and meaningful quantities have a well-defined
N →∞ limit.
Appendix B: Including the intra-layer Hall
conductivity
Semi-classically, the local intra-layer conductivities are
given by σxx =
σ0
1+φ2 and σxy =
φσ0
1+φ2 . Within the frame-
work of Drude φ =
σxy
σxx
= ωcτ , however, here we treat φ
as a tuning parameter that captures the strength of the
Hall effect.
It is instructive to construct the full resistivity tensor
for two layers in the presence of a non-local conductivity
and a Hall conductivity. The full conductivity matrix is
given by:
σˆ =
σxx + σW −σxy −σW 0σxy σxx + σW 0 −σW−σW 0 σxx + σW −σxy
0 −σW σxy σxx + σW

(B1)
=

σ0
1+φ2 + σW − φσ01+φ2 −σW 0
φσ0
1+φ2
σ0
1+φ2 + σW 0 −σW
−σW 0 σ01+φ2 + σW − φσ01+φ2
0 −σW φσ01+φ2 σ01+φ2 + σW

Inverting this matrix yields the following resistivities:
ρxx =
1
σ0
1− Γ(1− φ2)
1 + (2Γφ)2
(B2)
ρxy =
φ
σ0
1− 2Γ + 2Γ2(1 + φ2)
1 + (2Γφ)2
(B3)
ρNLxx =
Γ
σ0
1− φ2(1− 4Γ)
1 + (2Γφ)2
(B4)
ρNLxy =
2Γφ
σ0
1− Γ(1− φ2)
1 + (2Γφ)2
(B5)
For φ = 0 we get:
ρxx =
1
σ0
(1− Γ), ρxy = 0 (B6)
ρNLxx =
Γ
σ0
, ρNLxy = 0
as we got in the sections above. For Γ = 0, we get:
ρxx =
1
σ0
, ρxy =
φ
σ0
(B7)
ρNLxx = 0, ρ
NL
xy = 0
as expected. This resistivity tensor can be generalized to
N layers. Including the effect of drag as before, we get a
similar relation to A2,
Eg1x
Eg1y
E1x
E1y
...
ENx
ENy
Eg2x
Eg2y

= ρˆ

jg1x
jg1y
j1x
j1y
...
jNx
jNy
jg2x
jg2y

(B8)
where now ρˆ is the 2(N +2)×2(N +2) resistivity matrix
of the system. As before, in order to solve Eq. (B8) we
now must specify 2(N + 2) of the above quantities. The
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FIG. 3. (a) RxxD as a function of Γ for three different values
of φ. (b) The ratio Φ as a function of Γ for φ = 0.2. Both in
(a) and (b), L = 100 nm, ds = d = 1 nm, r0 = 5 Ω, ρd = 0.1 Ω
and ξ = 60. For Γ  1, both RxyD and RxxD are small. As Γ
increases towards half, RxxD increases dramatically while R
xy
D
remain almost unchanged.
current on the upper graphene layer is fixed, jg1x. Addi-
tionally, if the lower graphene layer and the WSM are in
an open circuit configuration, then jg2x = jg2y = jg1y = 0
and
N∑
i=1
jix = 0 and
N∑
i=1
jiy = 0. The last two conditions
give ∇ · j = 0 in the Weyl conductor. Finally, we must
demand that inside the WSM ∇×E = 0. This translate
to E1x = E2x = . . . = ENx and E1y = E2y = . . . = ENy.
With these constraints, Eq. (B8) may be solved uniquely.
The longitudinal non-local drag coefficient for a given φ
may be related to the coefficient at φ = 0:
RxxD [Γ, φ] = R
xx
D [Γ, φ = 0]
1 + ηφ2
1 + φ2
(B9)
where RxxD [Γ, φ = 0] is given in Eq. (8) and η =
L
d
Γ
1+(Ld )Γ
.
For Γ 6= 0 and Ld  1, we find that η → 1. Therefore,
RxxD [Γ, φ] → RxxD [Γ, φ = 0]. We solved Eq. (B8) numeri-
cally for specific parameters and for different values of φ.
See Fig. 3a. As evident, the longitudinal non-local drag
resistivity is indifferent to the intra-layer Hall effect.
For non-zero φ, there is also a non-local transverse drag
coefficient. The ratio between the longitudinal and the
transverse drag coefficients is given by:
RxyD [Γ, φ]
RxxD [Γ, φ]
≡ Φ = φ
1 + ηφ2
1− 2Γ
1 +
(
L
d
)
Γ
(B10)
For Γ = 0 we find that Φ = φ, as expected. For Γ 6= 0
and Ld  1 we find that Φ = φ1+φ2 1−2Γ1+(Ld )Γ . This ratio is
plotted in Fig. 3b.
Overall, there is a non-zero RxyD , however, it is para-
metrically smaller than RxxD . For Γ  1, both RxyD and
RxxD are small. As Γ increases towards half, R
xx
D increases
dramatically while RxyD remain almost unchanged.
Appendix C: Evaluation of the local drag resistance
In order to evaluate the local drag resistivity, ρd, we
treat the drag layer of the WSM (up to a distance of
d from one of surfaces) as an effective 2D layer with
a known density nd = n3Dd. We also assume that
both graphene layers are doped away from the neutrality
point, and have a finite density ng.
Given two layers with densities ng and nd which are
separated by a distance `, the drag resistivity may be ob-
tained from the standard Kubo formula approach within
the diagrammatic perturbation theory41,42 or from a
memory function formalism43:
ρd =
~
16e2pindngT
∫
d2qdωq2
(2pi)2
|U12(q, ω)|2 F1(q, ω)F2(q, ω)
sinh2
(~ω
2T
)
(C1)
where
Fi(q, ω) = = [Πi(q, ω)] = (C2)∫
d2k
(2pi)2
(fFD(k)− fFD(k+q)) δ (k+q − k − ~ω)
is the imaginary part of the is the single-layer retarded
polarization operator and
U−112 (q, ω) = e
q`
( q
2pie2
+ Π1 + Π2
)
+Π1Π2
4pie2
q
sinh (q`)
(C3)
is the screened inter-layer Coulomb interaction, where
again Πi = Πi(q, ω) is the single-layer retarded polariza-
tion operator.
For two-dimensional, non-interacting electron gas in
the ballistic regime the F function is given by:
Fi(q, ω) = νi
ω
vf,iq
Θ(vf,iq − ω) (C4)
where νi and vf,i are the density of states and the Fermi
velocity in the i’s layer, respectively.
Additionally, in the limit of strong screening, the
screened inter-layer interaction can approximated by:
U12(q, ω) ≈ pie
2
q
TF,1
q
TF,2
q
sinh (q`)
(C5)
where q
TF,i
= 2pie2νi is the inverse Thomas-Fermi screen-
ing length.
Employing Eq. (C4) and Eq. (C5), keeping in mind the
degeneracies in each layer, the integrals in Eq. (C1) may
be evaluated,
ρd =
h
e2
ζ(3)
256pi2
T 2
e4`4(ngnd)3/2
(C6)
DenotingN = (ngnd)1/2, the local drag resistivity may
be written as:
ρd ∼ 4.43 · 106 T
2
N 3`4 [Ω] (C7)
where N is measured in cm−2, ` in cm and T in Kelvin.
Finally, we may define the following typical dimensionless
parameters (of the order of unity):
8∆ =
N
5 · 1011cm−2 , t =
T
100K
and χ =
`
10nm
(C8)
which yields:
ρd ∼ 0.35 t
2
∆3χ4
[Ω] (C9)
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